A s our society becomes more technologically advanced, "space weather" (the fluctuating effect of the Sun on the heliosphere and the Earth) is an increasing concern. Solar flares and coronal mass ejections (CMEs) affect satellite function, high-frequency communication, power grids, and many applications that use the Global Positioning Satellite system (e.g., deep-sea drilling and precision farming). Because of our increasing reliance on technology that is susceptible to space weather effects, it is vital that we improve our understanding of solar flares and increase our ability to forecast when a flare will occur and how large it will be. Highly twisted magnetic fields are very likely responsible for strong eruptive phenomena such as flares and CMEs. While several parameters based on surface magnetic field measurements have been evaluated as potential flare-forecasting criteria, so far none have been found to offer much improvement over predictions based on chance alone.
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We studied the relationship between twisted velocity fields below the surface of the Sun and flare production. The velocity can be measured indirectly with local helioseismology using the "ring diagram" technique. In this method, localized regions are probed rather than the entire Sun, making it possible to map the horizontal flows in the immediately subsurface, outer convection zone as a function of heliographic latitude, longitude, depth, and time. This technique has led to detailed maps of the horizontal flows, with continuous coverage since August 2001 using data from the NSO Global Oscillation Network Group (GONG) program. The 100-plus 27-day-long Carrington rotations that have been collected so far cover the maximum of solar activity and the descending phase of Solar Cycle 23, as well as the current extended and deep minimum of solar activity. While the flow maps themselves are a rich source of information about the solar convection zone, their value is enhanced by the computation of fluid dynamics descriptors, such as the divergence and the vorticity of the flows. Vertical velocities are determined using the divergence of the horizontal flows, assuming incompressibility and zero surface velocity. The kinetic helicity density is then the scalar product of the velocity and vorticity vector.
Previous work showed that if an active region had both high subsurface vorticity and a strong surface magnetic field, it would also have a very high probability of producing several strong flares. In addition, the helicity of one of the 2003 "Halloween" flare regions (AR10486) had very large values that shrank to essentially zero at the time when an X10 flare occurred. This suggested that the temporal behavior of the subsurface helicity might be useful as a flare predictor. We investigated more than 1000 active regions to determine if this behavior is typical or if AR10486 was unusual.
We designed a parameter, the Normalized Helicity Gradient Variance (NHGV), to capture the large, but shrinking, spread of helicity values, the overall range of helicity values, and the depth variation of the helicity. Figure 1 shows the average NHGV versus time leading up to a flare that occurs on day zero for X-, M-, and C-class flares normalized by the values for quiet, non-flaring active regions. This normalization produces a value of one for quiet regions. It is immediately apparent that the parameter is able to identify C-, M-, and X-class flare-producing active regions since the NHGV increases with increasing flare class and all of these values are higher than the quiet region data. The NHGV rises in the days before the flare occurs, peaking on the day of the flare. A statistically significant jump in NHGV is seen two days before C-and X-class flares and three days before M-class flares. While this result is based on average data, it indicates the potential ability to use this data to predict when a flare will occur, how large it will be, and from which active region it will arise.
The results suggest that a buildup of energy caused by twisting velocity fields is taking place below the surface of the Sun, leading to the following physical scenario: turbulent flows gradually twist field lines below the photosphere, thus using rotational kinetic energy to push magnetic field lines into an unstable configuration below the active region. This configuration propagates upward into the solar atmosphere, and, if the subsurface helicity becomes strong enough, the magnetic field is twisted to the point where the repulsion of like polarity is overcome, resulting in explosive reconnection in the form of a flare. This simple scenario then suggests that large, decreasing values in the rotational kinetic energy, i.e., helicity, precede flaring activity. While numerical simulations to study the twist of magnetic flux tubes resulting from the kinetic helicity of turbulent flows have been done, it is quite clear that detailed magnetohydrodynamic simulations are needed to fully understand the physical mechanism and to further guide predictive techniques based on subsurface vorticity measurements. Figure  2 shows an artistic conceptual image of the physical scenario.
Using the discriminant statistical technique, we found that the combination of the temporal evolution of NHGV and the surface magnetic field strength provides a flare vs. no-flare forecast within one day of a flare with a Heidke skill score of 0.333. The Heidke skill score indicates whether a prediction result is better than could be expected by chance, and its value measures how much better the prediction is compared to chance. A perfect predictor has a Heidke skill score of one, a predictor that does no better than chance has a Heidke skill score of zero, and predictors that do worse than chance have negative Heidke skill scores. Our Heidke skill scores range from 0.25 to 0.38. For comparison, using various combinations of surface vector magnetic-field measurements to predict flares produces Heidke skill scores that range from 0.07 to 0.15.
Thus, the temporal variation of subsurface helicity is a good indicator of when a flare will occur, how strong it will be, and in which active region it will occur. We are currently developing improvements to the analysis and starting to work with the National Oceanic and Atmospheric Administration Space Weather Prediction Center in Boulder to develop an operational tool for forecasting flare activity. A complete discussion on this topic has been accepted for publication in the Astrophysical Journal (Letters). 
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